This review focuses on organometallic surfactant frameworks considering their wide applications. Organometallic surfactants have grown from being used as dewaxers in complex industrial processes to the production of nanoparticles and for use in many drug delivery applications. Their properties such as self assembly, forming supramolecular structures are outstanding, providing for their myriad industrial usage. In this review, an account of properties, preparation techniques, characterisation techniques and uses of organometallic surfactants are covered.
Introduction
Organometallic surfactants are materials based on metal-organic frameworks. They are not complexes in the sense of a metal ion chelated by organic ligands. As surfactants they are generally considered to have surface activity. Compositionally, they are consisting of basically a hydrophilic part and a hydrophobic part in their structure [1] [2] . They are typically considered to have dispersant characteristics [3] . This dispersant character allows for their use as additive materials in surface coatings where dispersion stability is a key requirement. Studies have indicated that these surface active species have the ability to undergo self-assembly in certain solvents into various structures [4] - [6] . The range of solvents covers organic solvents as well as inorganic solvents.
Composition
Compositionally, the metallic component of organometallic surfactants can be based on transition metals or non-transition metals. Transitional metal containing materials are more commonly known and these are typically first or second raw transition metals (d-block elements of the periodic table) with other accounts involving the lanthanides. Most of the surfactants that fall under the transition metal category contain one or more of elements including Scandium (Sc) [7] , Titanium (Ti) [8] - [10] , Vanadium (V) [10] [11] , Chromium (Cr) [9] , Iron (Fe) [12] [13], Cobalt (Co) [14] , Nickel (Ni) [15] , Copper (Cu) [16] , Zinc Zn [17] , Yttrium (Y) [9] , Zirconium (Zr) [8] [18] [19] , Niobium (Nb) [20] , Palladium (Pd) [15] , Silver (Ag) [6] , Lanthanum (La), Europium (Eu), Gadolinium (Gd), Ytterbium (Yb) [21] , Hafnium (Hf) [8] and Osmium (Os) [22] . Similarly, there are a number of reports on non-transition metal-based organometallic surfactants. Some of those recorded included those based on Boron (B) [18] , Aluminium (Al) [19] , Tin (Sn) and Antimony (Sb) [8] .
Some studies have demonstrated double-metal surfactant templates, for example, in the preparation of mesoporous materials [18] and those of double metal surfactant films such as between Zinc and Zirconium [23] . A binuclear Palladium-based organometallic with a highly branched structure has also been reported [24] . Although there are direct synthetic techniques for preparing organometallic surfactants, Liang G. D., and his coworkers see the synthesis of some organometallic nanoshells as challenging [13] .
As it has been demonstrated above, there are many literature reports on the synthesis, characterisation or application of organometallic surfactants. However, it can be argued that "a detailed understanding of the metalsurfactant interaction for many products is missing" [25] . Nonetheless, the amphiphilic nature of these kinds of organometallics can allow for a certain degree of interpretations. Figure 1 shows the structure of an Osmiumbased organometallic with Figure 2 showing its molecular structure and elemental distribution [22] . Figure 3 shows the structure of an Iron-based organometallic surfactant which was used in the synthesis of some Prussian Blue (PB) nanoshells via miniemulsion periphery polymerisation (MEPP) [13] . In these surfactant materials, polar groups (e.g. COO group) ionic groups (e.g. quaternary groups) and non-polar groups (e.g. methyl group) can be seen. The polar groups allow for interactions with other molecules such as water through hydrogen bonding while the ionic species allow for interactions through ionic bonding. Both types of interactions are thermodynamically characterized with lower bonding strength in comparison to covalent interactions and therefore they can be formed or broken depending on conditions such as temperature.
Properties
Amongst the most commonly identified characteristics of organometallic surfactant are their physiochemical properties and biological activities [26] - [28] . Some reports indicated their encapsulating properties [8] , narrow particle size distribution characteristics [29] and Carbon (iv) oxide solubility tendencies [6] . Trickett, K., et al. considered the carbon (iv) oxide (CO 2 ) solubility of some few transition metal surfactants as a drawback over a host of others and remarked that earlier studies have only attributed such a problem only to "nonfluorous organometallic surfactants" [6] . It has also been argued that the self-assembly properties of these molecules contribute immensely to their success. The self-assembly property has also been considered to be a means of generating "supramolecular assemblies" which pave a way for the many applications of these materials [5] . Research has also indicated that the metal containing property of organometallic surfactants has given them more opportunities to form various structures and has opened a door for them in terms of performance related properties compared to their non-metal containing surfactant counterparts [14] .
According to Lang and Tuel (2002) , the metal elements for a greater number of the transition metals have no bearing effect on the orientation of many of the frameworks [10] . On the other hand, some studies have indicated that a variation in chain length of the hydrophobic alkyl component (the hydrocarbon chain) of some surfactants and a variation between halide anions have direct influence on the catalytic activities of some studied organometallic surfactants [16] . Other properties which vary from one surfactant to another and considered to be having significant effect on their chemical or physical properties are the degree of coordination between the metal and the organic ligand [30] and their structure [9] . Magnetic properties have also been found to affect the stability of metal surfactants. Most transition metal surfactant colloids are considered to be magnetic. The magnetic property of organometallic surfactants has led to their use as commercial devices [8] .
There is still ongoing research in the structure-based applications of organometallic surfactants [31] . Their drug loading ability, for example, when used in drug delivery purposes may depend on their composition and encapsulation. Organometallic drugs in this category include Ferrocenyl diphenol temoxifen [26] . Regarding their application in new difunctionalised materials, Sakai et al. (2008) have the view that their instability was the result of the non-interest in them in the past years. Organometallic surfactants have other properties such as tissue binding ability, although, this may depend on their structure [31] .
Property-Related Opportunities
Despite the many remarkable properties of organometallic surfactants [32] , they are known to decompose on heating and this has paved a way for their use as precursors in the production of nanoparticles [12] [15] [17] [33]- [35] . This particular property has allowed scientific workers the advantage of exploring new materials from surfactant pre-cursors. Son and co-workers (2004) produced some nanoparticles from two surfactant staring materials which only differ in their metal composition (Palladium and Nickel) under the same experimental conditions. The sizes of the nanoparticles produced differ. Those from the Palladium precursors were much smaller than those from their Nickel counterparts. The researchers concluded that Palladium nanoparticles are more difficult to synthesize than those of Nickel, because Nickel metal was easier to form in the synthetic technique they employed [15] . Although there are various methods of preparing nanoparticles for various applications, the use of organometallic surfactant precursors is considered to generate products with better characteristics compared to those from other routes [36] .
Preparation and Characterisation
There is a variety of approaches that can be employed for the synthesis of organometallic surfactants. Ionic surfactants as starting materials in the presence of alkyl ammonium salts can be employed [29] . This process is considered to be straightforward in comparison to traditional synthetic routes. Other reports have indicated the use of norbonenemethyl amine with substituted alkanoic acids of various carbon chain length (degree of alkylation) [ Figure 4 ) in the synthesis of a novel Cobalt (iii) surfactant [14] . Some studies, on the other hand, employed ion-exchange techniques from metal hydroxides in the synthesis of double metal surfactant films [23] . A Niobium based surfactant capable of self-assembly has also been reported. It was produced from a long chain amine and a Niobium salt. Water was used in the preparation process and the precipitate was aged for a week under high temperature that resulted into a white powder that was successfully characterised [20] . It should be noted that some reactions can require the use of inert atmosphere such as those reported by Kim et al. (2003) where a Palladium surfactant was produced from a surfactant precursor in a tioctylphosphine reagent [37] . In contrast to most reports where organic solvents were used, a cheap, safer and more environmentally friendly procedure exist where water can be used as the solvent [21] .
Routes to Understanding Structure and Functionality
Characterisation of organometallic surfactants can fall into broad categories of structure, composition and properties. These categories are usually interrelated. To fully understand structure of many of the surfactants, a range of analytical techniques can be used on the basis of elemental analysis, spectroscopy, diffraction [15] and microscopy [38] . Other relevant techniques that can also be employed include cytotoxicity and biological activity studies [39] , combustion analysis [14] [40], auto-oxidation studies [16] , and pyrolysis [41] .
Spectroscopy being the study of the interaction between constituents of a material with radiant energy allows characterisation basis for analysis and identification of atoms and functional groups in chemical compounds. Regarding the characterisation of organometallic surfactants, many spectroscopic techniques have been found to be relevant. Some of the techniques commonly reported in the literature include: infra red (IR) spectroscopy [9] [14] [35] [37] [42] for functional group identification, nuclear magnetic resonance (NMR) for proton group/environment identification and UV-Visible spectroscopy [14] .
Thermal analyses techniques including thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and differential thermal analysis/measurement (DTA) have been reportedly used with great importance [35] . Thermal analysis provides a basis for understanding transition temperatures, thermal degradation or decompositions of materials, thus, understanding their thermal stability. In terms of crystal nature and self-assembly studies, X-ray diffraction [42] and microscopy have been reportedly used to characterise organometallic surfactants [17] [20] [25] . The analysis of the metal ion or atom present is also of great importance. Atomic absorption spectroscopy [23] has been reported to be useful in this regard for both qualitative analysis and quantitative analysis. 
End Applications

Conventional Applications
Many early studies and reports on organometallic surfactants concern their promising application in tackling extremely difficult and complex industrial processes such as being used to clean mechanical parts in industrial processes and equipment. These materials are also considered to be structure-modifiers of the hydrocarbon components during the removal of oil or wax in industrial processes [43] . Another important area where organometallic surfactants find considerable application is catalysis. Here, they are used as catalysts [5] [44] in many industrial processes depending on the type of chemical reaction that is involved. They also find application as stabilisers when used in dispersion systems [17] and as electrically conductive materials for use in electronics due to their magnetic and conductive properties [8] .
More Recent Applications
Recent studies have focused on the diverse applications of organometallic surfactants in drug delivery and other medical/medicinal applications. For example, they have actively been used in hormone and cancer treatments [26] . One common requirement for application in biological systems, for most materials used including organometallic surfactants, is biodegradability and bio-compatibility [45] . Therefore, for any intended biomedical application, it is essential that these conditions are met prior to administration or encapsulation.
In a recent report, An and co-workers (2009) considered an Osmium based organometallic surfactant to be extremely useful in the stabilisation of some nanoparticles that possess outstanding "anti-microbial activities". The organometallics were found to have activity against some trends of bacteria including E. coli and S. aureus [34] . Earlier in 2007, the same organometallic surfactants were reported by Ahmed and Leong, where they were used as reaction stabilisers [22] . The stabilisation capabilities possessed by organometallic surfactants are relative to their amphiphilic nature possessing both hydrophilic ends and hydrophobic ends.
As stated elsewhere in this review, organometallic surfactants have been successfully used over the years in the production of nanopartcle shells [42] . The process would include the decomposition of surfactant precursors under a set of experimental conditions to generate particles which have sizes in the nanometre range. Some Silver and Platinum nanoparticles have been reportedly produced through analogous processes [34] . Other routes for the production of Silver nanoparticles have also been well researched and documented [22] [33] .
In 2004, Son et al. have reported the generation of single nanoparticle shells of Nickel and Palladium from organometallic surfactants. Their study unlike many others, included a report on the synthesis of a double metal Ni/Pd "core shell nanoparticles" where the Pd shells were overlaid on the Ni core [15] . Many nano-molecular assemblies generated in a similar manner from organometallic surfactants have been documented in the literature and have proved to possess outstanding characteristics paving a way for many applications including optical, electrical and magnetic uses [17] [36] .
In addition to the application of organometallics in drug delivery [27] [28] and the production of nanoparticles, other considerable areas of application include high technology areas as electric printing, magnetic recording and bio-technology [46] . In the past decade, the uses of organometallic surfactants are normally centred on modifying viscosity and surface properties of various chemical formulations. Titanium and Zirconium based organometallic surface active agents were reported to have considerable usage in this area [19] . Another objective area of consideration is the use of organometallics in the green sciences. They have been considered ideal materials that can be used to coat some ceramic powders in the generation of "green and fine dense" articles [30] .
Conclusion
This review has highlighted many recent developments that concern organometallic surfactants covering their nature, being transition metal-based or non-transition metal-based, as reported in the literature. This review has also discussed their outstanding properties. It has been shown that their metal content coupled with their properties has paved a way for their many applications, including, the preparation of nanoparticles. Various synthetic methods exist for their preparation and assembly. Some of the basic characterisation techniques included molecular spectroscopy, thermal analysis and microscopy. However, their structure-based applications are still under study [31] and some future studies would be needed for a full understanding of the metal-surfactant interactions [25] . It is expected that in the future, more studies would focus on their prospects for use in the synthesis of fine chemicals [44] , on their improved properties [47] and on general application of surfactants in the production of "optoelectric materials and nanoparticles" [48] .
